Th e extrapolati on of the melting points , Tin, of th e n· paraffins to large chain lengths (n ~ 00) is reexam in ed in order to reso lv e the differences in th e proposed values of th e co nve rgence temperature To = lin' Tin. Experimental liquid en tropies can be made consistant with a term , R In n, proposed by n -i> 00 Flory a nd Vrij. Thi s term effectiv ely replaces the well·known expression T", = To (n + a)/(n + b) with an ex pression T", = To (n+a)/( n + ln n+b) ; thu s, s lowing the conve rgence rate and in creasi ng To from 141.1 °C to 144.7 0c. Ind e penden t es tim a tes of th e parameters in th e meltin g relation ship were obtained from thermodynamic da ta and th e leas t squares es tim ate of To = 144.7 °C (calculated from 33 melting points with a standard de viation of T", = 0.3 °C) co uld not be a lte red by more than ± 0.5 °C by any reasonable variation of th e parameters . A s implifi ed meltin g express ion is obtain ed for poly. ethy lene whic h inc lud es both th e c hain e nd a nd fold surface energies, a nd it is s how n th at c hai n e nd effects partly account for th e dis crepancy be tw ee n th e 144.7 °C convergence te mperature and experi· mental meltin g te mperatures (-139°C) of ex tended c hain polyethyle ne c rystals .
Introduction
when calc ulating, for in stan ce, the s urface free e ne rgy of polyethylene crys tals from meltin g data or crystal In 1962, I published a paper [1] 1 which was intended growth rates. It is th e primary purpose of thi s paper to establish on thermodynamic grounds an analytical to inves tigate thi s di scre pancy and to establish more expression Tm = f(n) for the orthorhombic normal firmly a value for To. In 1963 Flory and Vrij [2] reexamin ed the thermo· dynami c basis for the paraffiin melting equation and modified the assumption [1] of a linear dependan.ce of the liquid entropy on n, by adding a term, R In n, to account for th e disordering of the methyl layers during melting. The effect of this additional term was to raise the value of To from 414.3 OK (141.1 0c) as pre· dieted by eq (1) to 418.5 ± 1 OK (145.3 °C). The difference between these two values is quite significant I Figures in brac ket s ind icate th e lit erature references at the end of thi s paper.
ing Flory and V rij by equating the Gibbs free energy of fusion (written as a fun c tion of temperature and n) to zero. If the dep endence of t1G on n is linear, one obtains equation (1) . If not, one obtains a more gen· eral form of (1) where a and b are functions of n. The lim}ting value, To, depends on the functional form of t1G(T"" n). The solid enthalpies and entropies and the liquid enthalpies are experimentally observed to be linear with n [3] , and the problem centers around the functional form of the liquid entropies, Sl(T, n) , which experimentally are found to show so me non· linearity. This nonlinearity in Sl(T, n) appears in t1G(T, n) and alters To in a way whic h depends on the magnitude and functional form of the nonlinear terms.
Since it is the liquid entropy that supplies the non· linear terms to the melting relationship one can in· vestigate these terms indepe ndently of the melting temperatures by looking at the n·dep endence of experi· mental liquid entropies. Experimental liquid entropies for the n.paraffins from C5H12 through C8H38 at 300 oK are listed in figure 1 as a function of n. Figure 1 shows that neither SI nor SI-R In n are linear with n, and that the R In n term is too strong and overcompensates for the nonlinearity in SI. The magnitude of the R In n term could be reduced or alternatively a term like lin could be added with or without the R In n term. Included in figure 1 are consecutive differences of the function (SI-R In n -5.6In) which do not show any increasing or decreasing trend with n. A more formal analysis of the entropy. data is given in table 2 which shows coefficie ts and standard devia-2 Data were obtained from the United States Bureau of Mines. Bartlesville, Oklahoma, Detailed references are given in reference [3] . (2) where terms in 1/n 2 have been ignored as has the temperature dependence of the relatively unimportant lin term. 
Melting Equation
By expanding ilG=ilGen+ilGe-RT In n-5.6T/n about T= To (see reference 2 for details) one finds,
which differs from Flory and Vrij's eq (8) only in that it includes the (l/n) term and the ilCpe term which they chose to neglect. Direct calculations show that neglected terms remain below 1 percent of the magnitude of the leading terms in eq (3) . Here ilT = To -T m; -ilH/To and -ilCp/To are the first and second temperature derivatives of ilGe at T= To; -llSe and -ilCpe/To are the first and second temperature derivatives of ilGe at T= To; and ilHe = ilGe + TollSe. Rewriting (3) in the form of (1) one obtains,
This result is equivalent, except for the In nand (l/n) terms, to eq (1.6) in reference [1] . Equation (4) can be abbreviated as
n+a T",=To n+B(n)
which can now be treated as a generalization of (1).
One can calculate from experimental T", values
and these B(n) values are shown in figure 2 for various values of To and a. The quantity B(n) can also be expressed from equation (4) in the following form: (4) to ext reme variations of these quantities.
Figures 2 and 3 are useful for ge tting a feeling for how the various terms in B(n) affect To and a. In figure 2 the change in shape of B(n) at s mall n is associated with a change in a, whereas a change in the slope of B (n) at large n is associated with a change in To . Figure 3 shows that the term which accounts mostly for the shape of B(n) at large n is the In n term and that the remaining three n-dependent terms in B(n) mostly affect the shape of B(n) at small n. The quantity (ilSe -ilC"e/2 ) is treated here as an adjust-(6) able parameter and is used to regulate the vertical position of B(n).
The thermodynami c quantItIes 10 eq (6) were assigned values as follows . The molar entropies and enthalpies for the liquid and solid n-paraffins (see footnote 2) were plotted as a function of n. The slopes and intercepts of these curves equal respectively
Se(T), H c(T) and Se(T), H e( T) and differences between the liquid and solid values gave ilS e( T ), ilHe(T) and ilS e( T), ilHe( T )
which were then extrapolated to T= To to give ilH , ilS, ilS e, and ilHe. ilCp and ilCpe were taken as the slopes of the ilH(T) and ilHe( T) curves at T = To. (A more detailed description of this procedure can be found in [3] .) The results of these calculations are summarized in table 3. Numbers from table 3 were used to evaluate the various terms in eq (6) and these terms are shown in figure 3.
When B (n) was assumed constant as was done in [1] , curve fitting of the melting equation gave a =-1. 5 and To = 414.3 oK. These results can be anticipated from figure 2 which shows that straightest curve is the a =-1.5 curve and the flattest curve would be for To a little less than 415. Including a In n term and a partially compensating ilCp term in B (n) as was done by Flory and Vrij gives B (n) a shape similar to the a = -3.0 curve and a large-n slope similar to the 419 OK c urve. Thus one can anticipate their results of To = 418.5 OK and a = -2.7. In this present paper we are adding to B (n) the l/n and ilCpe terms and from figure 3 we can anticipate that these will raise the s mall-n e nd of the curve and thus significantly reduce the magnitude of a but only slightly lower the large-n slope and thus only slightly reduce the To value found by Flory and Vrij.
6. ---,----,----. ---, ----,----, ---, ----, -- In other words , the In n term is the crucial one in B (n) as far as establishing To is concerned, and the constants in the other terms can be varied within the generous range of uncertainties given in table 3 without appreciably affecting To. In the following section the results of fitting the melting temperatures to eq (4) will be shown to verify these anticipated results_ 4 . These data were fit by least squares using an Omnitab program to eq (4) in the form:
where B(n) is given by e q (6).
Su ch a fit yields least squares estimates of To and Toa with the assumption that the bracketted terms are known functions of n and that all experimental uncertainty is contained in T m(n) . Thus terms in eq (6) and their sum using the values in table 3 and
To=418 oK. The results lead strongly to the conclusion that To is very nearly equal to 417.9 oK. To apply an unce rtainty based on three standard deviations (3 X 0.12 OK) is misleading since it does not take account of uncertainties in the functional form of (4), but it is difficult to see how To c ould be altered by more than 0.5 oK by any reasonable means. Hence, the results esse ntiaUy confirm those of Flory and Vrij with a slight but' significant reduction in their estimate of To = 418.5 ± 1.0 oK because of two relatively small term s whi ch they neglected.
Discussion
The highest experimentally observed melting temperature for polyethylene is 138.7 °C, and for polymethylene, 141.4 °C [6, 7] . Both of these were extended·chain pressure-crystallized specimens. Brown and Eby [8] used a form of eq (1) to extrapolate th e melting temperatures of poly ethlene to infinite molec ular wei ght and found To = 143.5 °C . By the same procedure Fujiwara and Yoshida [9] found To = 144.8 0c. W eeks [10] used a plot of crystallizatic;w versus melting tempe r atures and extrapolated the data to the line Tc = T", to find To = 145.5 0c. Thus , a valu e of To (paraffins) = 145°C is not out of line with extrap· olated values for To (polyethylene), but is significantly higher than expe rim entally observed meltin g points for extended c hain polyethylene where there should be no effect from c hain folded surfaces. An overall explanation of the melting data for polye thyle ne see ms still to be lac king.
-It is of interest to examine eq (3) in the limit of large n,
For a polymer, one would observe some contribution from the R In n'term if the chain ends were ordered in the crystaL Given a narrow length-fraction of polyethylene, one might find a high degree of chain end ordering in extended chain crystals, and very little chain end ordering in the folded chain crystals_ Assume that !:iCe is the same for any type of crystal and that a term RTo In a n takes care of end group ordering effects where a has a value from lin (completely disordered) to 1 (completely ordered), depending on n, the distribution in length and the mode of crystallization. Assume further that !:lC J is the free energy contributed to the crystal by a mole of folds in excess of that attributable to the associated CH2-groups if in a nonfolded configuration, and that the folds, when present in the crystal, occur in regular planes separated by nJ carbon atoms_ W e c an now modify eq (7) as follows,
in order to explicitly account for both chain ends and folds. Equation (8) can be compared to the well-known equation, (9) Here One can now write (8) in the form of (9) to a good approximation by letting
where To is the effective convergence temperature for a polymer containing end groups. To was calculated using To=417.9, !:lCe=-3,400 cal/mole, !:lH= 1000 cal/mole for the two limiting values of ao, and the res ults are shown in figure 4 , plotted as a function of the number of chain ends per 1000 carbon atoms.
Notice that the apparent convergence temperature for our hypotheti cal polyethylene is lower when the chain e nd s are ordered (a = 1) than whe n the chain ends are di sordere d (a= lin). This res ult is of inte res t primarily because the experimental results mentioned at the beginning of this section give higher values for To for folded crystals of polyethylene than the actual measured values for extended chain polyethylene.
(The former would presumably exhibit more randomi· zation of ends than the latter.) Also notice that the depression in TO is not insignificant for typical polyethylene where the weight average molecule has about 1000 carbons (2 ends per 1000 carbons) [7] . We shall not procede further to include the additional effects of length distribution and side branching but merely emphasize the significant point here that chain ends play an important part in calculating thermodynamic quantities for polyethylene and one can use the To=417.9 oK calculated in this paper only if one includes tlGe ~ RTo In n explicity in polyethylene melting expressions like (8) .
Finally, it should be mentioned that the increase in
To to 144.7 °C does not greatly alter the results in reference [3] where the thermodynamic properties of an infinite CH 2 chain crystal and liquid were obtained from paraffin data. Also the introduction of the R In n te rm does not affect those res ults since the nonlinearity, although not understood, was recognized and taken into account empirically in that paper.
Appendix A
In order to examine the theoretical form of the liquidglass entropy difference, tlS 19, as predicted by the liquid lattice theory (for a general discussion of the theory see Miller [4] ), it is convenient to start with eq 20 in reference [5] . where tlf3 = (E2 -El)/RT and (E2 -Ed is the energy difference between the trans and gauche configurations for a carbon-carbon bond.
Ignoring p compared to 1 (the derivation was carried out without simplications and gave essentially the same results), writing Vo/So = (1 /2) (1 + l/n) and dropping the "Thjg equation actually deals with the co nfigurational entropy difference between the liquid and a zero co nfigurational e ntrop y glass and hence should equally well apply to th e configurational e ntrop y difference between the liquid and ordered crysta1.
second term in (A.l) gives, tlSlg/R = n In (1/2)(1 + l/n) + In 3n(1 + l/n) + (n -3)A = n(-ln 2+A)+(ln 3-3A)+ln n+(n+l) In (1 + l/n).
Expanding,
In(1+1/n)=(1/n-l/2n 2 +1/3n 3 The agreement is not good but we can improve things somewhat by taking account of the extra volume of a CH3 group compared to a CH2 group. From the x-ray length of the orthorhombic phase l = (1.27 n + 2) X 10-8 cm indicating an effective CH3 length of roughly twice a CH2 length. Replacing n by n + 2 gives , (tlSlg/R) = 0.3n -0.3 + In n + 2.5 (l/n) -3.2 (1/n 2 ) + Even the discrepancy in the constant term is now not too disturbing, and the numerical agreement lends some support to the adoption of the above form for tlSlc .
